Previous research has shown that for goal-directed movements, online visual feedback is not necessary for the adaptation of movement planning to novel movement dynamics. In the present study, we wanted to put this proposition to a stringent test and determine whether the usually dominant role of online visual feedback in movement control is diminished when goal-directed movements are performed in a condition that modifies limb dynamics. Participants performed a video-aiming task while the center of mass of their forearm was experimentally displaced by a 1.5-kg mass attached laterally to its longitudinal axis. A cursor representing the position of the participant's hand was either visible or not visible during the acquisition phase. Then, in a transfer test, the participants performed the task without online visual feedback and either with or without the lateral mass. During the acquisition phase, the participants adapted to the new movement dynamics imposed by the added mass regardless of whether online visual feedback was available. An important new finding of the present study was the observation that the role usually played by online visual feedback in refining movement planning and ensuring control of the initial portion of goal-directed movements was suppressed during adaptation to novel movement dynamics. This resulted in an increase in the role played by visual feedback late in the movement to ensure endpoint accuracy.
Introduction
Goal-directed movements require that the central nervous system (CNS) perform a series of operations to transform information about one's hand and the target into appropriate motor commands. To ensure endpoint accuracy, the external forces exerted on one's hand must be taken into account when planning motor commands. For instance, when planning to pick up or move objects, one must anticipate the consequences of biomechanical factors affecting the behavior of the arm, forearm, and hand to adapt his/her motor commands accordingly. These adaptations become finely tuned with practice. Recent research suggests that adapting to external forces is learned by processing proprioceptive feedback with no significant input from visual feedback (Franklin et al., 2007; Krakauer, Ghilardi, & Ghez, 1999; Scheidt et al., 2005; Tong, Wolpert, & Flanagan, 2002) .
For example, in Krakauer, Ghilardi, and Ghez (1999) , participants were asked to perform serial, straight, and uncorrected outand-back video-aiming movements between a fixed starting base and eight targets located around it while the center of mass of the their forearm was experimentally displaced by a 1.5-kg mass attached laterally to its longitudinal axis (see Fig. 1 ). Early in practice, the participants' initial movement trajectory deviated in this added mass condition (Krakauer, Ghilardi, & Ghez, 1999; Sainburg, 2002; Sainburg, Ghez, & Kalakanis, 1999; Wang & Sainburg, 2004) , which suggests that feedforward predictions were insufficient to adapt movement planning to counteract for the added mass. However, during movement execution, proprioceptive feedback alone permitted the participants to correct their movement for the large initial deviation caused by the added mass (see also, Scheidt et al., 2005; Shadmehr & Mussa-Ivaldi, 1994) . Moreover, through practice either with or without visual feedback of the ongoing movement, the initial direction bias resulting from the added mass decreased to the level of the control condition (i.e., no added mass), suggesting that vision did not contribute to this adaptation. This is somewhat surprising in light of previous research (Abahnini, Proteau, & Temprado, 1997) . For example, in Abahnini, Proteau, and Temprado (1997, exp. 2) , participants were asked to perform hand-sweeping movements toward a series of targets located 41.5 cm away. They did not have to stop on the target; they were only required to be directionally accurate. Vision of their http://dx.doi.org/10.1016/j.visres.2014.05.007 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved.
hand was available throughout movement execution (normal vision), it was not visible at all (target-only), or it was restricted to a small area around the target (1 cm; terminal vision). Each trial was followed by verbal knowledge of results (KR) informing the participants of their direction error. The results showed that the terminal vision condition resulted in significantly lower direction error and variability than the target-only condition, indicating that seeing one's hand around the target even for a very brief period of time resulted in better movement planning than the target-only condition. This position was further supported by the results of a transfer test performed by all participants in the target-only condition during which they received no KR. In this transfer test, withdrawing vision and KR from the terminal vision group and the normal vision group resulted in a significant increase in direction error whereas withdrawing KR from the target-only group did not. Therefore, the results of the above study indicate that seeing the terminal accuracy of one's movement is an important source of visual information for movement planning, whereas the results of movement adaptation studies indicate that it is not (see also, Abahnini & Proteau, 1999; Bédard & Proteau, 2003 Proteau et al., 2000) . Because of these contradictory findings, our first goal was to perform a stringent test of the hypothesis that vision does not contribute to or refine movement planning during adaptation to novel movement dynamic constraints.
Although there is no evidence that visual inputs contribute to movement planning or trajectory formation under novel dynamic constraints, in other force-field adaptation studies (Franklin et al., 2007; Scheidt et al., 2005) , it was shown that when participants were given sufficient time to complete their movements using visual feedback for online control, performing the task under normal visual feedback resulted in straighter movements with better endpoint accuracy and lower endpoint variability than when online visual feedback was not permitted. By itself, this result is not surprising because it is well documented that the latter part of goal directed movements is under visual control (Carlton, 1981 ; see also Paillard, 1996 for a review of early work). However, what is not known is whether the putative dominant role played by proprioceptive feedback in movement planning when adapting to new constraints in movement dynamics modifies the dominant role usually played by visual feedback for online movement control. In the previous work from our laboratory that we have reviewed above, withdrawing visual feedback in the transfer test always resulted in a large and significant increase in endpoint error and variability. In fact, these increases were so large that endpoint error and variability for the participants who had trained in the normal vision condition became larger than that noted for the participants who trained in the target-only condition. This underlined the dominance of visual feedback for movement control. The second goal of the present study was to determine whether visual feedback remains as dominant in movement control when one adapts to new movement dynamics, as has been shown in our previous work. It could be that the hypothesized dominant role of proprioceptive feedback in movement planning and, thus, feedforward control processes (Desmurget & Grafton, 2000) is such that it diminishes the importance of visual feedback for movement control.
To reach our goals, participants aimed at visual targets while a 1.5-kg mass attached 25 cm laterally from the longitudinal axis of the forearm altered its inertial configuration (i.e., ''loaded condition' ' Krakauer, Ghilardi, & Ghez, 1999; Sainburg, 2002; Sainburg, Ghez, & Kalakanis, 1999) . This task required participants to adapt their movement planning and control to take into account the new limb dynamics imposed by the added load. The participants practiced this task in either a normal vision condition or a targetonly condition (only the starting base and target were visible); each trial was followed with KR. Then, they all took part in two transfer tests conducted in the target-only condition, but with no KR. One transfer test was performed in the loaded condition whereas the other transfer test was performed in the no-load condition. Concerning our first goal, if visual feedback plays no role in movement planning when adapting to new dynamics constraints, then the direction bias created by the added load during practice and the after-effect resulting from the withdrawal of the added load in the transfer phase (Lackner & Dizio, 1994; Shadmehr & Mussa-Ivaldi, 1994) should not differ soon after movement initiation between the normal vision and the target-only groups. On the contrary, if vision plays a significant role in movement plan- ning even when adapting to new movement dynamics, then withdrawing vision in the transfer phase should have a deleterious effect on the initial trajectory of the goal-directed movement. Concerning our second goal, if it was shown that movement planning entirely relied on the processing of proprioceptive feedback, and if this resulted in an increase in importance of proprioceptive feedback in movement control (or a decrease in the importance of visual feedback), then withdrawing visual feedback in the transfer phase should have a less deleterious effect on endpoint accuracy and variability than what has been observed in previous reports (Proteau, 2005; Proteau et al., 1987; Soucy & Proteau, 2001 ). Specifically, endpoint accuracy and variability in the transfer phase should not significantly differ between the normal vision and target-only conditions.
Methods

Participants
Thirty-eight participants aged 20-30 years took part in this experiment. They were all self-declared to be right handed and reported normal or corrected to normal vision. They had no previous experience with the apparatus or experimental conditions used in the present study. They took part in a single 40-min experimental session. Participants gave written informed consent, and the experiment was approved by the institutional Health Sciences Ethics Committee.
Task and apparatus
The task was to move a computer's mouse-like device from a fixed starting position located close to the body toward a target located away from the body. The apparatus consisted of a table, computer screen, mirror, and two degrees of freedom manipulandum (Fig. 1) . The participants sat in front of the table. The computer screen (Mitsubishi, Color Pro Diamond 37 in.; 1024 Â 768, sampling rate: 60 Hz) was mounted on a ceiling-support positioned directly over the table; the computer screen was oriented parallel to the surface of the table. Its image was reflected on a mirror placed directly beneath it as well as parallel to the tabletop. The distance between the computer screen and the mirror was 18.5 cm, while the distance between the mirror and the tabletop was 18.5 cm, thus permitting free displacement of the manipulandum on the tabletop. The information presented on the computer screen was reflected in the mirror and was therefore easily visible by the participant.
The tabletop was covered by a piece of Plexiglas. The manipulandum consisted of two pieces of rigid Plexiglas (43 cm) joined together at one end by an axle. One free end of the manipulandum was fitted with a second axle encased in a stationary base affixed to the tabletop. The other free end of the manipulandum was fitted with a small vertical shaft (length: 3 cm, radius: 1 cm) named the stylus, which could be easily gripped by the participant. The participant's wrist was immobilized, and a Plexiglas sled supported his/ her forearm (see Fig. 1 ). The sled had a rigid outrigger to which a 1.5-kg mass could be attached 25 cm laterally to the forearm. The starting base consisted of a piece of Plexiglas glued to the tabletop so that when the sled was positioned at the starting position, the stylus was located directly in line with the lateral center of the computer screen and the participant's midline. Each axle of the manipulandum was fitted with a 13-bit optical shaft encoder (U.S. Digital, model S2-2048, sampled at 500 Hz, angular accuracy of 158.04 00 ), which enabled us to track the displacement of the stylus digitally and to illustrate it with a 1:1 ratio on the computer screen. Moving the stylus away from the body in the frontal and sagittal planes resulted in an identical displacement of the cursor on the computer screen. The bottom of the stylus and the optical encoder located at the junction of the two arms of the manipulandum was covered with a thin piece of Plexiglas. The working surface was lubricated at the beginning of each experimental session so that participants could move the stylus smoothly.
Procedures
The participants used their right dominant arm. They were asked to aim in a single motion (i.e., no stop and go movements) at a target located in line with their midline (0°target) or 40°to its left (À40°t arget). The cursor (black, 3 mm in diameter) and the targets (black, 6 mm in diameter) were presented on a white background. The targets were located at 320 mm from the starting base.
The participants were asked to freely initiate their movement following presentation of a target but were required to complete it during a time ranging between 480 ms and 620 ms (550 ms ± 12.7%). Movement initiation was detected when the cursor was moved by 2 mm, whereas movement end occurred when the cursor was not displaced by more than 2 mm for a period of 100 ms. During the acquisition phase of the experiment (see below) when movements were completed outside the required time range, the Experimenter reminded the participant of the movement time. As in Franklin et al. (2007) , a movement time range is used to reduce the possibility of different speed-accuracy trade-offs between the different conditions (Fitts, 1954) . Therefore in acquisition, differences in performance between the experimental conditions should mainly be expressed by the spatial components of the movements.
Participants performed five experimental phases. In all phases, the order of target presentation was randomized with the requirement that each target (i.e., 0°and À40°targets) was presented eight times in each successive block of 16 trials. At the beginning of each trial, all participants could see the cursor resting at the starting position and the target to be reached. The participants could not see their hand and arm during the duration of the experiment, as they were located beneath the mirror reflecting the image illustrated on the computer screen.
The experimental design is summarized in Table 1 . The first two experimental phases were pre-test phases. For each one of the two pre-test phases, all participants performed 16 trials in the targetonly condition with no KR. For the first pre-test, the participants performed the task without the 1.5-kg mass (pre-test unloaded), whereas the 1.5-kg mass was attached to the outrigger in the second pre-test (pre-test loaded, see Fig. 1B ). The third phase was an acquisition phase performed by all in the loaded condition. For this phase, the participants performed 64 trials toward each target. The participants were assigned randomly to different groups depending on the source of afferent information available during this phase. For the normal vision group (NV, n = 20), the cursor was visible for the whole duration of the movement, whereas for the target-only group (TO, n = 18), the cursor was occluded as soon as it left the starting base. Following all acquisition trials, participants received KR. Specifically, they were shown a figure illustrating the target they were aiming for and their movement's path (1:1 ratio with actual movement) on the computer screen. The participants were also verbally informed of their movement time in ms when it fell outside the required movement time range.
The last two experimental phases were transfer tests. They were performed by all in the target-only condition with no KR. Half of the participants in each visual feedback condition (i.e., NV and TO) first performed 16 trials in the loaded condition and then performed 16 trials in the unloaded condition. The order of presentation of the two transfer tests was reversed for the other half of the participants.
Data reduction
The tangential displacement data of the stylus over time were first smoothed using a second-order recursive Butterworth filter with a cut-off frequency of 10 Hz. The filtered data were then numerically differentiated once using a central finite technique to obtain the velocity profile of the aiming movement. To provide quick feedback to the participant during acquisition, movement initiation was detected once the stylus had been moved by 2 mm, whereas for the main analyses, movement initiation was defined as the moment at which the tangential velocity of the cursor reached 10 mm/s. The difference in the procedures used to detect movement initiation during acquisition and in the main analyses explains why the movement times reported below exceed the movement time used during acquisition. The movement endpoint was detected when the cursor was not displaced by more than 2 mm in a time frame of 100 ms.
Dependent variables
It has been shown that performing a manual aiming movement in a condition much like our loaded condition created a directional bias early after movement initiation (Wang & Sainburg, 2004) . This directional bias disappeared with practice, indicating that the participants were able to anticipate the consequences of the added load; they had adapted their movement planning for the new movement dynamics resulting from the added load. We therefore computed the movement directional bias soon after movement initiation (i.e., 25% of movement time), which provided an accurate estimate of the output of the movement planning processes (Messier & Kalaska, 1999) . The directional bias was calculated as the angular difference between a reference vector (joining the starting base and the target) and the vector defined by the starting base and the stylus at (Fig. 1D) . A positive value indicated a bias to the right of the reference vector, whereas a negative value indicated a bias to the left of the reference vector.
To illustrate how movements progressed toward the target in the different experimental conditions and phases, movement length and orientation were determined at every 5% of the normalized movement time. Movement length was the length of the vector joining the starting base and the cursor at each temporal landmark. Movement orientation was defined as the angular difference between the reference vector and that joining the starting base and cursor at each temporal marker. Within-participant variability was also computed for movement length and movement orientation at each temporal landmark.
Finally, to illustrate movement endpoint accuracy using similar methods as previous research (Veilleux & Proteau, 2011) , we computed the root mean square error of movement endpoint in Cartesian coordinates (fRMSE and sRMSE, frontal and sagittal planes relative to the starting base, respectively). The RMSE, also called total error (Henry, 1975) , is a single score that combines the mean bias and the within-participant variability of a series of trials.
Statistical analyses
We computed two main series of analyses. In the first series of analyses, we determined the effects of the added load on initial movement orientation. The dependent variables of interest were the direction bias (in degrees) and its within-participant variability soon after movement initiation (i.e., 25% of movement time). In the second series of analyses, we determined how the added load influenced movement time and movement endpoint accuracy and variability. In each series of analyses, the pre-test dependent variables of interest were independently analyzed by an ANOVA contrasting 2 experimental phases (pre-test unloaded vs. loaded) Â 2 targets (0°vs. À40°), and repeated measurements were used on the two factors. The acquisition phase data were independently analyzed by an ANOVA contrasting 2 visual conditions (normal vision vs. target-only) Â 2 experimental phases (acquisition block 1 vs. acquisition block 8) Â 2 targets (0°vs. À40°), and repeated measurements were used on the last two factors. In the third analysis, the data of the last acquisition block were compared to the data of the loaded and the unloaded transfer tests. They were analyzed individually by an ANOVA contrasting 2 visual conditions (normal vision vs. target-only) Â 2 targets (0°vs. À40°) Â 3 experimental phases (late acquisition, transfer loaded, transfer unloaded), and repeated measurements were used on the last two factors. For all analyses, Geisser-Greenhouse correction was applied when the Epsilon value was less than 1. All significant main effects involving more than two means were broken down using Dunn's technique. Significant interactions were broken down by computing simple main effects that were followed by post hoc comparisons when they involved more than two means. All effects are reported at p < .05 (adjusted for the number of comparisons by the Bonferroni's technique).
Results
3.1. Movement planning adaptations: directional bias soon after movement initiation 3.1.1. Pre-test
As illustrated in Figs. 2 and 3 (leftmost panel), adding the lateral load in the pre-test resulted in a significant initial bias to the right of the À40°target, F(1, 37) = 44.5, p < .001 (4.4°vs. À2.5°for the loaded and unloaded pre-test, respectively) and to the left of the 0°target, F(1, 37) = 104.7, p < 0.001 (À8.3°vs. À0.7°for the loaded and unloaded pre-test, respectively). In regards to direction variability (data not shown), the ANOVA revealed a significant main effect of target location (F(1, 37) = 32.04, p < 0.001), indicating a higher direction variability for the À40°target than for the 0°tar-get (4.48°and 3.24°, respectively), whereas a significant main effect of the experimental phase (F(1, 37) = 43.48, p < 0.001) revealed a significantly higher direction variability for the unloaded than for the loaded pre-test (4.6°and 3.1°, respectively).
Acquisition
The ANOVA revealed a significant experimental phase Â target interaction, F(1, 36) = 27.69, p < 0.001. Practice with KR in the loaded a One half of the participants who trained in the target-only condition and in the normal vision condition took part in the loaded transfer test first; the other half of the participants took part in the unloaded transfer first.
Fig. 2. Movement trajectories of one typical participant in the normal vision condition and one typical participant in the target-only condition. Targets are illustrated by
round open markers at the top of all panels. Pre-test. Movement trajectories for typical trials completed in the unloaded (blue) and loaded (red) conditions. Note the initial biases soon after movement initiation in the loaded condition. Late acquisition and transfer. Movement trajectories for typical trials completed late in acquisition (black) and in the loaded (red) and unload (blue) transfer tests. For sake of clarity the late acquisition data are illustrated on the two panels. Loaded transfer (red). Note the similar movement trajectories soon after movement initiation regardless of the visual feedback condition during the acquisition phase. Unloaded transfer (blue). Note the large initial biases in the unloaded test regardless of the acquisition condition. These biases are opposite in direction to those noted in pre-test. condition resulted in a significant decrease in the directional bias caused by the added mass (see Fig. 3 , middle panel). Specifically, from the first to the last practice block, the direction bias significantly decreased from 3.6°to 0.9°when aiming at the À40°target, F(1, 36) = 12.08, p = 0.0013, whereas it significantly decreased from À6.0°to À4.2°when aiming at the 0°target, F(1, 36) = 14.9, p < 0.001. Direction variability was significantly higher for the À40°target than for the 0°target (3.37°vs. 2.57°, respectively), F(1, 36) = 20.27, p < 0.001. Finally, for both dependent variables, no significant effect of having or not having online visual feedback or of any interaction involving that factor was observed (all p's > 0.14).
From late acquisition to transfer
The smaller initial direction bias observed in the last block compared to the first block of acquisition suggests that the participants adapted to change in movement dynamics caused by the added load irrespective of the visual feedback condition. This idea is further supported by the results of the loaded and the unloaded transfer tests, as revealed by a significant experimental phase Â target interaction, F(2, 72) = 316.02, p < 0.001. The breakdown of this interaction revealed that going from late acquisition to the loaded transfer test (when online visual feedback and KR were removed) had no significant effect on the movement's initial direction bias for the À40°target (À1.0°and À1.5°, respectively) but resulted in a small but significantly larger bias for the 0°target (À4.2°a nd À5.3°, respectively). However, for both targets, withdrawing the load in the transfer test resulted in large and significant after-effects. In comparison to the late acquisition data (see Figs. 3  and 4) , the movement's initial direction shifted to the left for the À40°target and to the right for the 0°target (a difference of À7.2°and +7.6°, respectively, when compared to the loaded transfer test). These biases were in the opposite direction of those observed when the participants were first exposed to the perturbation (see the pre-test loaded panel of Fig. 3) . Similarly, going from late acquisition to the loaded transfer test had no significant impact on direction variability, whereas direction variability was significantly higher in the unloaded transfer test than in the two former experimental phases (Fig. 4) . For both dependent variables (bias and variability), these after-effects did not differ significantly in relation to the availability of online visual feedback during the acquisition phase, p > 0.37 (two rightmost panels of Figs. 3 and 4) .
In summary, the observation of a significant after-effect for the NV and TO groups indicates that participants adapted their movement planning to counteract the effects of the added load (Shadmehr & Mussa-Ivaldi, 1994 ). Finding no difference in either acquisition or in the unloaded transfer test between the NV and TO groups replicates previous observations (Franklin et al., 2007; Krakauer, Ghilardi, & Ghez, 1999; Scheidt et al., 2005; Tong, Wolpert, & Flanagan, 2002) , indicating that online visual feedback plays no significant role at the planning level when adapting to new limb dynamics.
Online control adaptations: movement endpoint
Pre-test
The movement endpoint data are illustrated in Fig. 5 (leftmost panel). The ANOVA did not reveal any significant main effects or interactions in relation to the presence or absence of the load for both fRMSE (34.3 mm and 35.4 mm for the unloaded and loaded pre-tests, respectively) and sRMSE (42.6 mm vs. 45.0 mm for the unloaded and loaded pre-tests, respectively). Therefore, as suggested by the results illustrated in Fig. 2 , the initial bias introduced by the added load dissipated as movement progressed towards the target. Nonetheless, sRMSE was significantly larger for the 0°target than for the À40°target (47.5 mm vs. 39.7 mm, respectively), F(1, 37) = 8.88, p = 0.005.
Acquisition
Practice with online visual feedback and/or KR resulted in a significant increase in endpoint accuracy. For fRMSE, the ANOVA revealed a significant experimental phase Â visual feedback interaction, F(1, 36) = 4.57, p = 0.039. Specifically, the breakdown of this interaction revealed a significant decrease of fRMSE as a function of practice in both the NV (from 8.09 mm to 4.41 mm) and the TO conditions (from 20.1 mm to 12.53 mm), F(1, 36) = 9.05, p = 0.005, and F(1, 36) = 33.65, p < 0.001, respectively. The significant interaction resulted from a larger decrease of fRMSE with practice in the TO condition than in the NV condition (Fig. 5, acquisition panel) . For sRMSE, the ANOVA revealed significant main effects of the experimental phase, F(1, 36) = 9.52, p = 0.004, and the visual feedback condition, F(1, 36) = 36.59, p < 0.001. The former effect revealed a significant decrease in sRMSE going from the first to the last block of acquisition (13.5 mm vs. 9.5 mm, respectively), whereas the latter effect revealed a significantly smaller sRMSE when online visual feedback was available than when it was not available (7.0 mm vs. 16. 0 mm, for the NV and the TO conditions, respectively).
From late acquisition to transfer
The results illustrated in Fig. 4 (bottom panels) suggest that online visual feedback allowed participants to modulate the latter portion of their movement so that it ended closer to the target in the NV compared to the TO condition. If so, and if the apparently exclusive reliance on KR and proprioceptive feedback noted for movement planning did not decrease the usual dominant role of online visual feedback used to ensure endpoint movement accuracy, this modulation should disappear with the withdrawal of online visual feedback (Proteau, 2005; Proteau et al., 1987; Soucy & Proteau, 2001 ). Moreover, this should result in significantly larger RMSE in the transfer test for the NV group than for the TO group.
As shown in Figs. 4 and 5, the fine-tuning of movement orientation that was observed for all participants in the normal vision group late in acquisition was no longer present in the loaded transfer test. Specifically, there was a significant increase for both fRMSE and sRMSE in the NV group when going from late acquisition to both the loaded and unloaded transfer tests (fRMSE: 4.4 mm, 22.3 mm, and 23.4 mm, respectively; sRMSE: 5.30 mm, 32.9 mm, and 29.0 mm, respectively). No such increase in movement endpoint error was noted for the TO group (fRMSE: 12.5 mm, 17.8 mm, and 18.3 mm, respectively; sRMSE: 13.8 mm, 16.1 mm, and 21.1 mm, respectively). This result was supported by a significant visual feedback Â experimental phases interaction for both fRMSE and sRMSE, F(2, 72) = 11.74 and 21.89, respectively, p < 0.001, in each case. Moreover, in transfer, both the fRMSE and the sRMSE were significantly larger for the NV group compared to the TO group.
Temporal data
Although participants were asked to complete their movement within a prescribed movement time bandwidth, it was important to ensure that different speed-accuracy trade-offs were used in different conditions/experimental phases (Fitts, 1954) . The movement time data were analyzed using the same analyses as the movement endpoint data (a: pre-test, b: acquisition, and c: late acquisition vs. transfer tests). In all three analyses, we observed longer movement times for the À40°target than for the 0°target. In the pre-test, this difference was significantly larger in the loaded (862 ms vs. 815 ms) than in the unloaded condition (816 ms vs. 790 ms), F(1, 37) = 5.6, p = 0.023. This difference in movement time remained significant during the acquisition phase, F(1, 36) = 156.8, p < 0.001 (866 ms vs. 807 ms, for the À40°and 0°targets, respectively) as well as during the loaded transfer test, F(1, 36) = 19.0, p < 0.001 (892 ms vs. 857 ms) but not during the unloaded transfer test (840 ms vs. 832 ms), F(1, 36) = 0.65, p = 0.429]. It should be noted that visual feedback did not significantly affect movement time, regardless of whether it was present in the acquisition phase, withheld in the pre-test, or withdrawn in the transfer tests.
The differences in movement time reported above between the À40°and the 0°target reflect a difference in inertial anisotropy (Gordon et al., 1994; Mackrous & Proteau, 2007 , 2010 . Specifically, movements towards the À40°target required displacement of the entire arm and shoulder, whereas very little displacement of the upper arm and none of the shoulder were required when aiming at the 0°target, which explains the difference in movement time.
Discussion
Our first goal was to perform a stringent test of the hypothesis that online visual feedback does not contribute to or refine movement planning during adaptation to novel movement dynamics constraints. To reach our goal, we first had to determine whether our experimental manipulation (the added load) had a significant impact on the initial trajectory of the performed movements. This prerequisite was met because in the pre-test, the participants' initial hand path in the loaded condition deviated significantly from that observed in the control (unloaded) condition. Therefore, the participants were initially inefficient at planning their movements to counteract the effect of the added mass (Krakauer, Ghilardi, & Ghez, 1999; Sainburg, 2002; Sainburg, Ghez, & Kalakanis, 1999; Wang & Sainburg, 2004) . With practice, the participants adapted their movement planning to counteract the effect of the added load as supported by both (a) the decrease in initial direction bias and (b) the large and significant after-effects noted for the same dependent variable when the added load was withdrawn in the transfer test (Shadmehr & Mussa-Ivaldi, 1994 ). These observations remained true regardless of whether practice occurred with or without online visual feedback, which replicates previous findings Krakauer, Ghilardi, & Ghez, 1999; Sainburg, Ghez, & Kalakanis, 1999; Sainburg et al., 1995 Sainburg et al., , 2005 Shadmehr & Mussa-Ivaldi, 1994; Tong, Wolpert, & Flanagan, 2002; Wang & Sainburg, 2004) . The addition of a transfer test in our study, in which online visual feedback was withdrawn for the NV group, provided a stringent test of the hypothesis that online visual feedback is unnecessary and does not enhance proprioceptive learning when one is facing new movement dynamics constraints (Krakauer, Ghilardi, & Ghez, 1999) . The results of this transfer test were unequivocal: withdrawing online visual feedback did not have any significant impact on the accuracy or variability of movement planning, indicating that online visual Fig. 4 . Left panels. Movement length (upper) and movement length variability (lower) as a function of visual feedback and experimental phases. Data were averaged for the À40°and the 0°targets. Note the large and significant (arrow) increase in variability after the withdrawal of visual feedback. Right panels. Movement orientation (upper: 0°t arget and middle: À40°target) and movement orientation variability (lower; data were averaged for the À40°and the 0°targets) as a function of visual feedback and experimental phases. Note the large after-effect for the unloaded condition in transfer, and the larger direction variability (arrow) after the withdrawal of visual feedback.
feedback played no significant role in movement planning in this adaptation study.
This finding is surprising because it has been previously shown that even a very brief epoch of visual information indicating the accuracy of one's movement was sufficient to improve movement planning accuracy (Abahnini & Proteau, 1999; Bédard & Proteau, 2003 Proteau et al., 2000; see also Paillard, 1996 for a review of earlier work). This was also the case in the present study because the visual KR that was provided at the end of each trial in the acquisition phase helped participants in the TO group to adapt their movement planning for the added load. However, the online visual feedback that was available throughout movement execution for the NV group was apparently of no use to help reduce the movement planning biases resulting from the added load, even if endpoint accuracy and variability were significantly smaller for the NV group during the acquisition phase. A possible interpretation of this finding could be that the deviation in initial movement trajectory created by the added mass was not detected visually. However, this is very unlikely because previous research has shown the effectiveness of even a very brief episode of visual feedback for correcting minor direction errors (Brière & Proteau, 2011; Proteau, Roujoula, & Messier, 2009 ) and the automatic, almost reflex-like nature of these corrections (Day & Lyon, 2000; Franklin & Wolpert, 2008) . Nonetheless, even early in the acquisition phase, we found no systematic evidence that online visual feedback played a significant role in reducing either movement planning bias or its variability until late in the movement (>50% of MT, see Fig. 4 , lower panels). Therefore, although the trajectory deviation created by the added mass could be visually detected, and corrected for by reflex-like processes (Franklin & Wolpert, 2008) , online visual feedback played no role in the correction for this deviation. Taken together, these observations suggest that when learning to adapt to a change in movement dynamics, proprioceptive feedback becomes the unique, dominant source of information used for the generation of a forward model of movement control (see Desmurget & Grafton, 2000) . If this is true, does it alter the usually dominant role of online visual feedback in movement control?
Although online visual feedback played no significant role in reducing the initial bias resulting from the added mass, as in previous research (Franklin et al., 2007; Scheidt et al., 2005) , it played a significant role in ensuring endpoint accuracy. As expected, during acquisition, movements completed in the normal vision condition had smaller frontal and sagittal RMSEs than those completed in the target-only condition. Therefore, online visual feedback refined movement execution during acquisition (Bédard & Proteau, 2004; Franklin et al., 2007; Khan & Franks, 2003; Khan et al., 2002 Khan et al., , 2006 Proteau & Isabelle, 2002) . However, considering the dominant role of proprioceptive feedback used for the generation of a forward model in our adaptation task, it could be that online visual feedback became less dominant for movement control than is usually observed in goal-directed movements (Elliott & Lee, 1995; Khan, Franks, & Goodman, 1998; Khan et al., 2002; Mackrous & Proteau, 2007; Proteau, 1992 Proteau, , 2005 Proteau & Isabelle, 2002) . This was not the case because withdrawing online visual feedback in both the loaded and unloaded transfer tests (which also withdrew KR) resulted in a significant increase in frontal and sagittal RMSEs for the normal vision group. More importantly, in the transfer tests, the frontal and the sagittal RMSEs were significantly larger for the participants who had trained in the normal vision condition than for those who had trained in the target-only condition.
To determine whether the large increase in error observed among the normal vision group during the transfer tests was of the same magnitude as that found when movement dynamics are not experimentally altered, we compared the results of the present study with previous work from our laboratory in which participants trained to perform video-aiming movements (using the same apparatus and similar general procedures as in the present study) in normal vision or target-only conditions with KR before being transferred to a no-vision, no-KR test (Veilleux & Proteau, 2011) . The results of this comparison are presented in Table 2 .
First, it is important to note that the frontal and sagittal RMSEs noted late in acquisition for both the NV and the TO conditions did not differ between the two studies. Second, in both studies, going from late acquisition to the transfer test had no significant impact on RMSE for the TO group. Third, withdrawing online visual feedback in the transfer test had large and significant deleterious effects in both studies. However, the increase in error (RMSE or index of performance deterioration [IPD] ) was larger in the present study than in Veilleux and Proteau (2011) . Specifically, IPD values (IPD = ([RMSE in transfer À RMSE late in acquisition]/RMSE late in acquisition) for the frontal and sagittal errors were 2.7 and 1.8 times larger, respectively, in the present study than in that of Veilleux and Proteau (2011) . This finding suggests that endpoint accuracy in the normal vision condition of the present study relied more heavily on the processing of afferent visual information than in Veilleux and Proteau (2011) . A likely explanation of this finding is that the suppression of early visual control created by the added mass increased the need for visual control late in the movement (i.e., >50% of MT, see Fig. 4 , lower panels). Therefore, withdrawing vision in the transfer test had a greater deleterious effect on the present study than was observed by Veilleux and Proteau (2011) .
Conclusions
Online visual feedback is not necessary for learning to adapt to a novel pattern of limb dynamics. Our results suggest that the role usually played by online visual feedback in refining movement planning and ensuring control of the initial portion of goal-directed movements is suppressed during adaptation to novel movement dynamics. However, this likely results in relatively large error and uncertainty concerning the location of one's hand during movement execution, which increases the role of visual feedback as the hand closes in on the target to ensure endpoint accuracy. 
